Acute cerebral cortical trauma often leads to paroxysmal activities that terminate in a few hours, but several months later, patients can develop epilepsy. The process occurring between the initial acute triggered seizures and the onset of spontaneous unprovoked seizures is termed epileptogenesis. Here the authors summarize recent morphological, electrophysiological, and computational studies demonstrating that A s indicated by the World Health Organization, trauma together with brain infection are the primary sources of acquired epilepsy at any age, and may account for a higher incidence of epilepsy in developing countries. It is well known that acute cerebral cortical trauma leads to paroxysmal activities; within the first 24 h, up to 80% of patients with penetrating wounds display clinical seizures that usually stop after a 48-h period (Dinner 1993). Vietnam and Croatia postwar epidemiological studies report that 10 to 15 years after the trauma of war, about 50% of patients with penetrating cranial wounds develop epilepsy ( Undercutting cortical fibers in the white matter induces acute seizures that start at ~3 h after trauma and last for ~5 h (Topolnik and others 2003).
A s indicated by the World Health Organization, trauma together with brain infection are the primary sources of acquired epilepsy at any age, and may account for a higher incidence of epilepsy in developing countries. It is well known that acute cerebral cortical trauma leads to paroxysmal activities; within the first 24 h, up to 80% of patients with penetrating wounds display clinical seizures that usually stop after a 48-h period (Dinner 1993) . Vietnam and Croatia postwar epidemiological studies report that 10 to 15 years after the trauma of war, about 50% of patients with penetrating cranial wounds develop epilepsy (Marcikic and others 1998; Salazar and others 1985) . Despite complex medical therapy, including new antiepileptic drugs, traumainduced epilepsy is still poorly controlled. Early administration of anticonvulsant medication decreases the frequency of early posttraumatic seizures, but not that of chronic epilepsy (Chang and Lowenstein 2003) . Thus, understanding the mechanisms of trauma-induced epileptogenesis may help the development of new preventive approaches.
Partially isolated neocortex is a well-established model of trauma-induced epileptogenesis (Hoffman and others 1994; Li and others 2005; others 2006, 2007; Prince and Tseng 1993; Topolnik and others 2003) . This model closely reproduces the major features of human posttraumatic epilepsy but within a faster time frame.
Undercutting cortical fibers in the white matter induces acute seizures that start at ~3 h after trauma and last for ~5 h (Topolnik and others 2003) .
In chronic conditions, electrographic seizures were recorded as early as day 4 after deafferentation. The incidence of seizures decreased by the 4th week and then recovered, reaching a steady level by weeks 5 and 6 (Nita and others 2007) . In the early stages of the undercut paroxysmal activity was primarily focal, being recorded in regions neighboring the undercut cortex, and secondarily propagated to other cortical areas, involving most of the neocortex in chronic stages of the undercut (Nita and others 2007) . The involvement of larger cortical regions during paroxysmal discharges was accompanied by an increased synchrony between different recording electrodes and increased speed of paroxysmal activity propagation (Marchenko and Pasikova 2008; others 2006, 2007) . At approximately 6 weeks after trauma, half of animals with undercut had behavioral seizures consisting of sudden freezing of activity (absence-like seizures) or paroxysmal muscular jerks (clonic-like seizures), resembling the epileptogenetic pattern of trauma-induced seizures in humans.
Trauma-Induced Epileptogenesis
Epileptogenesis is a hidden continuous process occurring between the initial cortical insult and the explicit onset of late epilepsy. The trademark of epilepsy is the expression of unprovoked seizures, characterized by paroxysmal neuronal activities and high synchronization. In the present review article we focus on the different processes underlying epileptogenesis following cortical trauma and chronic deafferentation. Two major factors can be involved in neocortical trauma-induced epileptogenesis: 1) reorganization of the cortical network secondary to deafferentation, and 2) modulation of intrinsic neuronal excitability.
1 After undercut, most of the neurons that do not branch extensively within the neocortex die triggering reactive gliosis. As a consequence, the intracortical connectivity pattern and synaptic efficiency are remodeled, leading to an abnormal propagation of electrical activity within the neocortex and to the generation of paroxysmal discharges.
Neocortical Seizures and States of Vigilance
Studies on experimental animals point to an intracortical origin of some specific types of seizures occurring during slow-wave sleep, characterized by spike-wave or polyspike-wave complexes at 1.5 to 3 Hz, intermingled with episodes of fast-run EEG patterns at 7 to 16 Hz (reviewed in Timofeev and Steriade 2004) . These seizures develop from the cortical slow oscillation without discontinuation. Similar patterns of activity can be found over large cortical territories (Fig. 1) . Multiple evidence suggests that the silent periods occurring during slow-wave sleep are the key factors promoting an increased cortical excitability and the prompting of seizure onset.
Structural Changes Associated with Cortical Trauma
Early studies in both humans and animals demonstrated that isolated cortical islands, or cortical slabs, develop abnormal hyperexcitability (Echlin and others 1952) accompanied by general neuronal loss and gliosis (Szentagothai 1965) . A study conducted on layer 5 neurons from chronically isolated neocortical slabs identified intense axonal sprouting, increase in synaptic button density, and reduction in somatic cellular area (Salin and others 1995) . These data suggest that an increase in neuronal connectivity can take place in traumatized cortex. In a recent study, we showed that following deafferentation, the thickness of cortical gray matter decreases ( Fig. 2A) and that the normal layer architecture is altered (Avramescu and others, 2009 ). This was associated with a decrease in the neuronal density for both excitatory and inhibitory neurons; however, the reduction in the number of inhibitory neurons was larger compared with excitatory ones (Fig. 2B ).
Intracellular Activities during States of Vigilance in the Undercut Cortex
During slow-wave sleep cortical neurons oscillate between active (depolarizing) and silent (hyperpolarizing) states (Timofeev and others 2001) . The presence of longlasting periods of disfacilitation (silence) during slowwave sleep is the distinct feature of this state of vigilance (Volgushev and others 2006) . During other states of vigilance (wake or REM sleep), most cortical neurons are relatively depolarized and fire action potentials.
To generate and maintain spontaneous active states, a minimal number of neurons is needed. In small slabs of cat neocortex (~6 × 10 mm), active states are generated only occasionally; however, when the slab size is increased to ~20 × 20 mm, the active states are generated at frequencies similar to those observed in the intact cortex (Timofeev and others 2000) .
Recently we showed a reduction in the total number of neurons by ~20% 6 weeks after cortical undercut in the superficial cortical layers, whereas in the deep layers that are strongly involved in the generation of active states, the total number of neurons decreased by ~50% from the initial value (Avramescu and others 2009) . Because the total number of neurons decreases we expected to observe an increased frequency or duration of silent periods in chronically undercut cortex.
Neurons in both intact and injured cortex display a bistable behavior, alternating between active and silent states during slow-wave sleep. Differently from intact cortex preparations (Timofeev and others 2001) in the undercut cortex, the silent epochs occur also during REM sleep and the waking state (Fig. 3) . Our follow-up study conducted on anesthetized cats showed that the mean duration of silent states progressively increased with time from initial trauma to 6 weeks following undercut (Avramescu and Timofeev 2008) .
Plastic Changes of Synaptic Connectivity in the Undercut Cortex
The increased network excitability (Echlin and others 1952; Prince and Tseng 1993) and axonal sprouting (Salin and others 1995) in the undercut cortex led to the hypothesis that major synaptic reorganization in the deafferented cortex may trigger a shift in the balance between excitation and inhibition toward excitation.
Experiments performed on cortical slices using photostimulation-induced glutamate uncaging demonstrated an increased density of hot spots and incidence of multipeaked flash-evoked excitatory postsynaptic currents (EPSCs; Jin and others 2006) . Moreover, the frequency of spontaneous and miniature EPSCs was increased, compared with control, in the undercut cortex (Li and Prince 2002) . The same group, using relatively large electrical stimulation, demonstrated a higher incidence of short-term synaptic depression in the undercut cortex compared with control (Li and others 2005) , which is indicative of higher release probability (Zucker and Regehr 2002) . However, because these results were obtained using electrical stimulation and not stimulation of individual presynaptic neurons, complex network-base interactions could affect the extent of reported short-term synaptic depression in these experiments. In addition, these experiments were done using higher than physiological concentrations of extracellular Ca 2+ , the ion that influences the release probability.
To avoid technical artifacts associated with in vitro preparation and electrical stimulation, we performed in vivo experiments in which pairs of directly or indirectly connected neurons were recorded simultaneously (Avramescu and Timofeev 2008) . In these experiments, a presynaptic neuron was recorded extracellularly and a postsynaptic neuron was recorded intracellularly. To create preparation with chronically deafferented cortex, cortical fibers have been undercut in the white matter. Four different types of interactions were observed: pure excitatory postsynaptic potential (EPSP), pure inhibitory postsynaptic potential (IPSP), network excitation (NE), and network inhibition (NI) (Fig. 4A) . The last two (NE and NI) represented effect of activation of many synaptic connections simultaneously. We found that the overall connectivity was increased in chronically deafferented cortex (Fig. 4F ). In agreement with our previous study, the failure rates and the coefficient of variation (CV) of EPSP amplitude at excitatory connections in vivo was very high (Crochet and others 2005) . In the undercut cortex the failure rate was further increased compared with the intact cortex, with the highest levels of failure rates observed at 4 weeks after undercut (Fig. 4D) . As expected, the coefficient of variation was high for low-amplitude single axon EPSPs and low for high-amplitude single axon EPSPs (Fig.  4E) . The amplitude of direct EPSPs and NE was increased at 2 and 6 weeks after the undercut; however, it was decreased 4 weeks after the undercut (Fig. 4C ). The NE evolution followed the same temporal profile and showed the largest decrease 4 weeks after the undercut (Fig. 4G) . Surprisingly, the NI underwent opposite changes, and was highest at 4 weeks from the undercut. These synaptic changes were well correlated with a decrease in the incidence of paroxysmal discharges recorded ~30 days (4 weeks) following undercut in nonanesthetized cats and its higher occurrence before and after that time (Fig. 4B) , thus suggesting the leading role of these synaptic modifications in the epileptogenesis triggered by cortical undercut. Our more recent experiments using recordings from connected neurons in vivo demonstrate that short-term synaptic depression between pairs of connected cortical neurons in the undercut cortex in vivo is minor and its effects do not exceed 10-ms interspike intervals (Timofeev I, Avramescu S, Chauvette S, unpublished data, 2008 ). This suggests low release probability that may reduce overall cortical excitability. Therefore, despite general increase in connection probability, the dynamics of synaptic changes in the traumatized cortex are not linear, and apparently excitatory and inhibitory synapses are controlled differently.
Homeostatic Plasticity and Chronic Epileptogenesis
Evidence from in vitro studies suggests that chronic blockade of activity may modify synaptic strengths and intrinsic neuronal excitability. After a few days of pharmacological blockade of activity in cortical cell cultures, the amplitudes of miniature EPSCs (mEPSCs) and EPSCs in pyramidal cells increase (Turrigiano and others 1998).
Conversely, prolonged enhanced activity levels induced by blockade of synaptic inhibition reduce the size of mEPSCs (Turrigiano and others 1998) . Synaptic scaling occurs in part postsynaptically by changes in the number of open channels (Turrigiano and others 1998) , although all synaptic components may increase (Murthy and others 2001) . These observations suggest the existence of a fundamental mechanism, termed "homeostatic plasticity" (Turrigiano 1999) , that controls the levels of neuronal activity (Murthy and others 2001; Turrigiano and others 1998) . Some of these processes may also occur in vivo (Desai and others 2002; Echegoyen and others 2007) .
Our recordings from undercut cortex during epileptogenesis showed a dramatic increase in the overall amount of silent epochs, based on the occurrence of silent states during wake and REM sleep (Nita and others 2007) and in the increased duration of the silent periods during slow oscillation (Avramescu and Timofeev 2008) . The increase in the duration of silent states throughout the process of epileptogenesis and corresponding increase of spontaneous firing rates (Avramescu and Timofeev 2008) suggest up-regulation of neuronal excitability induced by deafferentation. We hypothesize that a mechanism comparable with homeostatic plasticity could underlie the pathological trauma-induced increase in excitability and its failure, at the upper end, will lead to overt epilepsy. We suggest that homeostatic synaptic plasticity is able to compensate the decrease in synaptic input and to reestablish the overall activity within certain limits, but the dramatically decreased activity in the undercut cortex leads to an uncontrollable cortical hyperexcitability and seizure generation. 
Epileptogenesis In Silico
Potential role of homeostatic plasticity (HSP) in trauma-induced epileptogenesis was explored in network models of cortical population with activity-dependent control of excitatory and inhibitory conductances (Fröhlich and others 2008; Houweling and others 2005) . The plasticity rule involved the up-regulation of synaptic coupling between pyramidal neurons and the down-regulation of connections from inhibitory interneurons to pyramidal cells as a function of the average firing rate of pyramidal cells. The "intact" network was set to display asynchronous spontaneous activity with average firing rates of approximately 5 and 10 Hz for pyramidal (PY) and inhibitory (IN) cells, respectively. The model of deafferentation consisted of removing the extrinsic excitatory inputs from all PY and IN neurons (Houweling and others 2005) . This reduced spontaneous firing rates and activated HSP mechanisms, which then modified synaptic weights to bring average firing rates to the original (before deafferentation) level.
Homeostatic synaptic plasticity had initially little effect on network activity (Houweling and others 2005) . Up to 60% HSP (60% up-regulation of the excitatory synapses between pyramidal cells and 30% downregulation of inhibitory synapses), patterns of spontaneous network activity were similar to those in the acutely deafferented network (Fig. 5B) . After 63% HSP, the spontaneous activity of the network changed in a qualitative manner (Fig. 5C ). Occasionally, locally generated active states propagated through the network. They were approximately 200 to 400 ms in duration and involved multiple spikes in PY and IN cells (see Fig.  5E ). Bursts were generated by network interactions because none of the cells possessed intrinsic bursting mechanisms (all PY cells were of the regular-spiking type). As the average number of spikes per PY cell measured over long periods of time (1.4 Hz) was still below the homeostasis target frequency of 5 Hz, further HSP increased the occurrence of network bursts (Fig. 5D , 65% HSP). Eventually, a steady state was reached where bursts repeated at frequencies of about 0.5 Hz and the average PY cell firing rate (5.0 Hz) equaled the homeostasis target firing rate (Fig. 5D, 72% HSP) . Transitions to active states (bursts) in this model depend on a small fraction of cortical neurons that remain spontaneously active after deafferentation.
Because cortical trauma may not necessarily lead to complete (100%) deafferentation, the degree of deafferentation (fraction of the excitatory afferents removed from the network) was systematically varied and the effects of homeostatic synaptic plasticity were studied (Houweling and others 2005) . Surprisingly, only nearly complete deafferentation resulted in slow oscillatory network activity (Fig. 5F ). When the model was deprived of only a fraction (<80%) of extrinsic inputs (which can correspond to less severe deafferentation in vivo), homeostatic synaptic plasticity restored a low-amplitude irregular local field potential (LFP) similar to that of intact cortex. Similar threshold value to trigger pathological periodic discharges was found in another model of partial cortical deafferentation (Fröhlich and others 2008) . These results indicate that only after severe deafferentation is homeostatic synaptic plasticity unable to restore an asynchronous state and periodic paroxysmal activities take place.
Conclusion
We propose the following sequence of events that mediate epileptogenesis and trigger trauma-induced epilepsy (Fig. 5A) . Acute penetrating wounds damage multiple cellular elements within the cerebral cortex, which result in early seizures and activation of astrocytes. Reactive glial cells remove damaged neurons and promote axonal sprouting and the formation of new synapses among remaining neurons. With a decreased number of neurons, the generation of cortical active states is impaired, and the cortical network spends more time in silent states, which triggers homeostatic processes trying to restore the excitability in the traumatized cortex.
We believe that at least one of the mechanisms of the increased intracortical excitability is based on an increased neuronal connectivity, which is accompanied by an increase in EPSP amplitude. One counterbalancing process that may reduce high excitability is the increase in the failure rate of synaptic transmission, which is likely an efficient method of control during early stages of epileptogenesis. However, approaching 6 weeks from deafferentation, the failure rates of synaptic transmission are no longer different from the initial condition and at this period of time, previously focal electrographic seizures become generalized and animals start to experience behavioral seizures.
If homeostatic plasticity is involved in the development of epileptogenesis induced by trauma, it can be possible to design experiments to prevent homeostatic changes. Thus, electrical stimulation applied during particular phases of paroxysmal oscillations might be effective in the preventing of homeostatic plasticity. The major problem with this approach, however, is that low-intensity electrical stimulation of the same electrode may elicit kindling. To avoid this problem, low-intensity stimulation with a random pattern across the array of electrodes could be possibly applied either continuously or periodically. Alternatively, local pharmacological agents could be used to either prevent hyper polarization (reduction of potassium currents) or to increase depolarizing influences, which can increase the level of spontaneous activity otherwise reduced because of deafferentation. One possible way to reduce the level of hyperpolarization is by dialysis of neuromodulators, which blocks potassium currents. Unlike the use of direct blockers of inhibition (bicuculline, picrotoxin, etc.), these agents should not lead to the development of paroxysmal activities, but would increase locally the levels of spontaneous activities, preventing homeostatic plasticity from developing. 
